NADPH nitrate reductase activity in higher plants has been attributed to the presence of NAD(P)H bispecific nitrate reductases and to the presence of phosphatases capable of hydrolyzing NADPH to NADH. To determine which of these conditions exist in barley (Hordeum vulgare L. cv. Steptoe), we characterized the NADH and NADPH nitrate reductase activities in crude and affinity-chromatography-purified enzyme preparations. The pH optima were 7.5 for NADH and 6 to 6.5 for the NADPH nitrate reductase activites. The ratio of NADPH to NADH nitrate reductase activities was much greater in crude extracts than it was in a purified enzyme preparation. However, this difference was eliminated when the NADPH assays were conducted in the presence of lactate dehydrogenase and pyruvate to eliminate NADH competitively. In most higher plant tissues, the reduction of nitrate to nitrite is attributed to NADH-specific NR2 (EC 1.6.6.1) (1, 2). However, NADPH NR activities have been reported in several species. NAD(P)H bispecific NR (EC 1.6.6.2) has been reported in maize (4), rice (13), soybeans (1, 3, 5, 8, 11) , and Erythrina senegalensis (14) . Wells and Hageman (17) 10). Zinc acetate and phenazine methosulfate were used to remove excess NAD(P)H from the assay medium to avoid interference with nitrite determination (12). It was necessary to agitate vigorously this mixture to ensure complete oxidation of pyridine nucleotides when NAD(P)H concentrations were greater than 200 JiM in the assay medium. Apparent Km values were determined by Lineweaver-Burk plots, except the Km for NADH, which was determined by the method of Halwachs (7).
NADPH assays were conducted in the presence of lactate dehydrogenase and pyruvate to eliminate NADH competitively. The addition of lactate dehydrogenase and pyruvate to NADPH nitrate reductase assay media eliminated 80 to 95% of the NADPH nitrate reductase activity in crude extracts. These results suggest that a substantial portion of the NADPH nitrate reductase activity in barley crude extracts results from enzyme(s) capable of converting NADPH to NADH. This conversion may be due to a phosphatase, since phosphate and fluoride inhibited NADPH nitrate reductase activity to a greater extent than the NADH activity. The NADPH activity of the purified nitrate reductase appears to be an inherent property of the barley enzyme, because it was not affected by lactate dehydrogenase and pyruvate. Furthermore, inorganic phosphate did not accumulate in the assay media, indicating that NADPH was not converted to NADH. The wild type barley nitrate reductase is a NADH-speciflc enzyme with a slight capacity to use NADPH.
In most higher plant tissues, the reduction of nitrate to nitrite is attributed to NADH-specific NR2 (EC 1.6.6.1) (1, 2). However, NADPH NR activities have been reported in several species. NAD(P)H bispecific NR (EC 1.6.6.2) has been reported in maize (4), rice (13) , soybeans (1, 3, 5, 8, 11) , and Erythrina senegalensis (14) . Wells and Hageman (17) (10) . Zinc acetate and phenazine methosulfate were used to remove excess NAD(P)H from the assay medium to avoid interference with nitrite determination (12) . It was necessary to agitate vigorously this mixture to ensure complete oxidation of pyridine nucleotides when NAD(P)H concentrations were greater than 200 JiM in the assay medium. Apparent Km values were determined by Lineweaver-Burk plots, except the Km for NADH, which was determined by the method of Halwachs (7) .
The NR assay buffer was modified in several studies. In the pH study, the assay buffer was 25 mm Tris, 25 mM maleic acid, and 25 mm phosphate. The pH was adjusted to the indicated value with KOH. In studies to determine the effects ofphosphate and fluoride upon NAD(P)H NR activities and to determine whether Pi increased during the NADPH assay of the purified NR, 50 mm Hepes was used at pH 7.5, and 50 mm maleic acid was used at pH 6.5. Pi was determined by the procedure of Taussky and Shorr (15) . NR assays were also conducted in the presence of LDH and pyruvate to eliminate NADH competitively from the assay medium.
NR Isolation. NR was purified by blue dextran-agarose affinity chromatography, as described by Kuo et al. (9) . NADPH Phosphatase. Crude NR extracts were passed through Sephadex G-25 to remove nitrate and pyridine nucleotides. About 25 ml of G-25 were placed in a 30-ml colunm (2-cm diameter) and equilibrated with 25 mm Tris (pH 8.4), 1 mm EDTA, 10 JIM Na2MoO4, 5 JIM FAD, and 3 mm DTT. Crude extract (5 ml) was placed on the column and eluted with the equilibration buffer. A 4.5-ml fraction containing most of the protein was collected and used to estimate the rate of NADPH conversion to NADH. One ml of the G-25 fraction was incubated in 50 mm maleic acid (pH 6.5) and 200 JiM NADPH at 30°C for 15 min. The reaction was stopped by placing the reaction tube in a boiling water bath for 1 min. Blanks were placed in the boiling water bath immediately after addition of the G-25 enzyme preparation. Precipitates were removed by centrifugation. The NADH formed was determined from the change in Aw0 upon addition of 5 jig LDH to an assay containing 1.6 ml of boiled supematant, 0.1 M K-phosphate (pH 7.0), and 0.77 mm pyruvate, in a final assay volume of 3.0 ml.
RESULTS
The NADH NR pH optimum was pH 7.5 in both the crude and the purified enzyme preparations (Fig. 1) . The pH optimum for the NADPH NR activity was approximately 6.0 for the purified NR and 6.5 for the crude extract. The NADPH NR in the crude extract maintained activity over a broader pH range than did the purified NR. Also, the ratio of NADPH to NADH NR activity was greater in the crude extract than it was in the purified NR Figure 1 .
addition of the two activities and, perhaps, caused a slight inhibition (Table I) . Phosphate inhibited the NADPH NR activity in crude extracts at pH 7.5 but not at pH 6.4 (Fig. 2) . Low concentrations of phosphate stimulated the NADH NR activity at pH 7.5. Wells and Hageman (17) observed a similar stimulation for corn and soybean NR. Fluoride inhibited NADPH NR activity somewhat more than it did the NADH activity at pH 6.4 (Fig. 3) (D) . Crude extracts were prepared and assays conducted at pH 6.5 and 7.5, as described in Figure 1 , except for the presence or absence of I mM pyruvic acid and 60 ,ug LDH. 0, pH 7.5 without LDH; *, pH 7.5 with LDH; El, pH 6.5 without LDH; and R pH 6.5 with LDH. Crude Extract (ml/assay) FIG . 5 . NADPH NR activity of purified NR as influenced by NR-free crude extracts with and without LDH and pyruvate. Crude extracts of the noninduced seedlings were prepared as described in Figure 1 , except that 50 mM Tris (pH 8.2) was used. Assays were conducted at pH 6.5 with 0.2 mM NADH or NADPH, as described in Figure 4 .
NADH. However, precise quantification was not possible due to the nonspecific loss of Aw0 in the absence of LDH (data not shown).
That a substantial portion of the NADPH NR activity in crude extracts was the result of NADPH conversion to NADH was demonstrated indirectly by the inclusion of sufficient LDH and pyruvate in the NR assay medium to eliminate NADH competitively. The presence of LDH and pyruvate lowered the NADH NR activity of the crude extract and of the purified enzyme to nearly zero at ali NADH concentrations tested (Fig. 4, A and B) .
The presence of LDH and pyruvate eliminated a substantial portion of the NADPH NR activity in the crude extract when assayed at pH 6.5 and most of the activity when assayed at pH 7.5 ( Fig. 4C) but had very little effect upon the NADPH NR activity in the purified NR preparation at either pH 6.5 or pH 7.5 (Fig.   4D ). After inclusion of LDH and pyruvate in the NADPH NR assays, the ratio of NADPH NR to NADH NR in the crude extracts was lowered to the level observed for the purified enzyme. The purified enzyme NADPH NR activity was increased by adding crde extracts from noninduced seedlings to the purified NR (Fig. 5) . Inclusion of LDH and pyruvate with the crude extract eliminated this NADPH NR activity (Fig. 5) . The NADPH NR activity produced by adding crude extracts of noninduced seedlings to purified NR had a pH optimum of 6.5 (Fig. 6) , which is similar to the NADPH NR optimum in crude extracts but greater than in the purified enzyme (Fig. 1) .
A time-course assay (pH 6.5) was conducted to determine whether Pi concentrations increased in association with the NADPH NR activity of the purified enzyme (Fig. 7) . Although nitrite accumulated to rather substantial levels in both assay media, no changes in Pi concentrations were observed, indicating that Pi was not released from NADPH during the assay of the purified NR.
DISCUSSION
The NADPH NR activity in higher plant tissues has been attributed to the presence of a NAD(P)H bispecific NR in rice (13) , maize (4), soybean (3, 8) , and E. senegalensis (14) ; and to the presence of a phosphatase in crude extracts of soybean and maize capable of converting NADPH to NADH during NR assay (17) . Two distinct enzymes have been isolated in soybean (3, 8) and maize (4) . The NADH-specific and NAD(P)H-bispecific NR within species have both similarities and differences. Jolly et al. (8) The pH optima for the NADH-specific NR and the NAD(P)Hbispecific NR are generally the same within a species. Both enzymes have a pH optimum of 7.5 in maize scutella (4) and 6.5 in soybean leaves (3, 8) . The bispecific NR in E. senegalensis leaves had a pH optimum of 7.5 with both NADH and NADPH (14) . However, in tissues apparently lacking the bispecific NR, the pH optimum for the NADPH NR activity is lower (pH 6.0-6.5) than the optimum for the NADH NR (pH 7.5) (2, 16), except in soybeans where the pH optimum for both the NADH and NADPH NR activities is 6.2 to 6.5 (3, 8, 17) . Furthermore, the NADPH NR activity in these tissues is inhibited by phosphate (16, 17) and fluoride (17) , leading Wells and Hageman (17) to conclude that phosphatase conversion of NADPH to NADH permitted the reduction of nitrate by the NADH-specific NR, with NADPH as the apparent reductant.
Leaves of Steptoe barley do not appear to have a NAD(P)Hbispecific NR. Kuo et al. (9) isolated NR from barley by blue dextran affmity chromatography and found only one NR. The pH optimum for the NADPH NR activity in both the crude extracts and the purified NR is lower (pH 6.0-6.5) than the NADH NR optimum (pH 7.5) (Fig. 1) , and the use of both NADH and NADPH in the NR assay caused a slight inhibition of the NADH NR activity rather than an addition of the NADH and NADPH NR activities (Table I) .
The ratio of NADPH to NADH NR activities in the crude extract was greater than the ratio in the purified NR preparation (Fig. 5) . However, the addition of LDH and pyruvate to the assay medium eliminated a substantial portion of the apparent NADPH NR activity in the crude extract and lowered the NADPH to NADH NR activity ratio to about the same level as that in the purified NR (Fig. 4) . The NADPH NR activity in the purified NR preparation was not significantly affected by the presence of LDH and pyruvate, nor did Pi accumulate in the assay medium (Fig. 7) , indicating that NADPH was not converted to NADH. Thus, most of the NADPH NR activity in crude extracts is probably due to the conversion of NADPH to NADH during the NR assay. An estimation of the NADPH NR activity in crude extracts resulting from conversion of NADPH to NADH can be made from the differences in activities when assayed with 0.2 mm NADPH in the presence and absence of LDH and pyruvate (Fig.   4C ). Approximately 80 and 95% of the apparent NADPH NR activity at pH 6.5 and pH 7.5, respectively, appears to result from the conversion of NADPH to NADH during the assay of NR.
The NADPH NR activity remaining after the inclusion of LDH and pyruvate in the assay is apparently due to an incomplete specificity for NADH by the NADH NR, particularly at low pH.
Beevers et al. (2) suggested that NADPH does not bind the NADH NR until the assay pH favors the ionization of the second hydrogen of the ribose-2'-phosphate of NADPH. This phenomenon appears to exist in several NAD-linked dehydrogenases. Fawcett and Kaplan (6), working with highly purified lactate, malate, and alcohol dehydrogenases, observed that the NADPH activity of these enzymes increased 10-to 13-fold and that the NADH activity decreased when the assay pH was lowered from 7.5 to 6.0. The purified NR used in this study responded in an almost identical manner with a 14-fold difference in NADPH NR activity between pH 7.5 and pH 6.0 (Fig. 1) . In addition, at pH 7.5 the NADPH activity of the purified NR was 0.3% of the NADH activity, which is similar to the range of 0.04 to 1.7% for the dehydrogenases (6 
